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Abstract25
In preparation for the tenfold luminosity upgrade of the Large Hadron Collider (the HL-LHC) around 2020,
three-dimensional (3D) silicon pixel sensors are being developed as a radiation-hard candidate to replace
the planar ones currently being used in the CMS pixel detector. This study examines an early batch of
FBK sensors (named ATLAS08) of three 3D pixel geometries: 1E, 2E, and 4E, which respectively contain
one, two, and four readout electrodes for each pixel, passing completely through the bulk. We present
electrical characteristics and beam test performance results for each detector before and after irradiation.
The maximum fluence applied is 3.5x1015 neq/cm
2.
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1. Introduction27
Radiation-hard tracking detectors are being developed for Large Hadron Collider (LHC) experiments to28
withstand the increased radiation level expected from the High-Luminosity LHC (HL-LHC) upgrade, which29
will take place around 2020. The detectors currently in use in the innermost barrel layer of the CMS pixel30
tracker will collect fluences up to the order of 1015 neq/cm
2 in their lifetime. After the HL-LHC upgrade,31
the new detectors in this layer are estimated to receive ten times this amount [1]. The current planar pixel32
sensors are not designed to withstand this amount of radiation [2]. Three-dimensional (3D) silicon pixel33
detectors are a promising radiation-hard alternative [3].34
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3D sensors possess cylindrical electrodes that pass vertically through the bulk. This technology was first35
introduced in 1997 [4], and has the advantage that inter-electrode distance is independent from substrate36
thickness (Figure 1). This creates superior features: higher electric fields between the electrodes means lower37
depletion voltages, and shorter charge carrier drift distance speeds up charge collection and increases radi-38
ation hardness, therefore improving signal efficiency in irradiated sensors. The drawbacks of 3D technology39
compared to planar are: complex processing procedures, increased noise due to higher pixel capacitance,40
and lower efficiency in some low-field regions between electrodes of the same doping type.41
The first full 3D sensors were fabricated at Stanford [5]. The fabrication process was developed further at42
SINTEF (Oslo, Norway) for larger-scale production [6], [7]. To simplify the fabrication process, double-sided43
processing was developed independently at both Fondazione Bruno Kessler (FBK) in Trento, Italy [8], and44
CNM-IBM in Barcelona, Spain [9].45
The 3D sensors considered in this study are ”Double-side Double-type Column” (3D-DDTC), from the46
batch ATLAS08, fabricated at FBK. Readout (n+) electrodes are etched from the front side, while ohmic47
(p+) electrodes are etched from the back. In the original 3D-DDTC process at FBK, electrodes did not48
pass through the silicon bulk, resulting in low-field regions between the tip of the columns and the surface.49
In addition, calibration of the deep-reactive ion etching (DRIE) process to obtain the desired depth was50
difficult and prone to create differences in electrode overlap [10].51
The sensors considered in this study are part of the second generation of FBK 3D-DDTC sensors having52
passing-through electrodes [11]. The devices are electronically characterized before being placed in a beam53
at FNAL, both before and after proton irradiation. Similar studies of FBK 3D detectors have been done by54
the ATLAS collaboration [12], on sensors from different wafer batches. The ATLAS Insertable B-Layer, to55
be installed during the current LHC shutdown, will be partially instrumented with 3D sensors, thanks to56
these characteristics [13], [14].57
2. 3D detectors58
The sensors are fabricated on Float Zone p-type high-resistivity wafers, thickness 200 ± 20 µm. All59
columns pass completely through the silicon bulk. The electrodes are hollow, with metal contact made to60
the wafer surface by small planar diffusion. The surface isolation of electrodes is accomplished by p-spray61
implantations on both wafer sides as shown in Figure 1.62
These 3D devices house a standard edge region about 1 mm wide, with planar guard rings surrounding the63
active area. Double-sided sensors do not have an active edge, as that requires a support wafer which would64
make the backside inaccessible. The dead area has been decreased to 200 µm or less in recent production65
batches at FBK by implementing ”slim-edge” technology [15]. More detailed information on 3D-DDTC can66
be found in [11].67
Each 3D sensor is read out using the PSI46v2 read-out chip (ROC) [16]. The sensors are diced and bump-68
bonded to the ROC with indium bumps at SELEX (Italy). The ROC has 4160 read-out pixels arrayed as69
52 columns × 80 rows, with pitch 150 µm and 100 µm, respectively.70
Three different 3D pixel configurations, 1E, 2E, and 4E, have been tested. The numbers in ”1E,” ”2E,”71
and ”4E” refer to the number of readout electrodes in each pixel. Each n+ electrode is surrounded by six p+72
electrodes in the 1E configuration and four p+ electrodes in the 2E and 4E configurations (Figure 1). The73
inter-electrode distance (the diagonal length between an n+ electrode and its nearest corner p+ electrode)74
for the 1E, 2E, and 4E configurations are 90 µm, 62.5 µm, and 45 µm, respectively. For 1E sensors, although75
the inter-electrode distance refers to the diagonal electrode separation, there are p+ columns 50 µm from76
the n+ in the short-pitch direction to reduce low-field regions between the n+ electrodes of neighboring77
pixels.78
Assembly is performed in the P3MD lab at Purdue University and in the INFN laboratories in Turin,79
Italy. The assembly procedure is similar to that of the CMS forward pixel detector modules as described in80
[17]. Bump-bonded ROCs are glued and wire-bonded to a very high density interconnect (VHDI) circuit,81
which in turn is wire-bonded to a fan-out board. The fan-out board and VHDI are glued to a base plate82
(Figure 2).83
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Figure 1: Left: 3D cross section. Electrodes are etched from either side and pass completely through the bulk. Right: Top-down
view of FBK 1E, 2E, and 4E configurations.
Figure 2: Artistic model of 3D assembly components. Each sensor is bump-bonded to a ROC, which is in turn connected to
the DAQ system through a VHDI.
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3. Sample preparation and experimental setup84
The laboratory test stand consists of a PSI46 DAQ board connected to a PC. The DAQ board has an85
FPGA, a 12-bit ADC, and a 64 MB SDRAM buffer. The board and corresponding software were developed86
to qualify detectors using the PSI46v2 ROC [18]. An Agilent E3631A power supply provides voltage to87
the board. A Keithley 2410 source meter is used to bias the sensors and measure leakage current. For88
measurements that require cooling, the detector is placed inside a humidity-controlled cooling chamber.89
3.1. Irradiation90
Sensors are irradiated at the Los Alamos LANSCE facility. The average flux per macro-pulse for a 1 cm291
sample is 2.33x1011 800 MeV protons. The 1 MeV neutron equivalent NIEL damage factor for 800 MeV92
protons is 0.71 [19]. Obtained fluences are 7x1014 neq/cm
2 and 3.5x1015 neq/cm
2 (henceforth denoted 7E1493
and 3.5E15 neq/cm
2). Due to laboratory procedure at Los Alamos, the sensors are left at room temperature94
for about one hour after irradiation before being transferred to a refrigerator at -20 ◦C. Other than this, no95
annealing is applied to the sensors after irradiation.96
3.2. Beam Tests97
The sensors are tested with 120 GeV protons at the Fermilab meson test beam facility. No magnetic98
field is applied. Devices under test (DUTs) are placed in pairs inside a telescope tracker (Figure 3). The99
trigger signal is provided by two PMTs coupled to scintillators downstream from the telescope.100
The telescope consists of eight tracking planes – four 2x3 and four 2x4 planar modules for the CMS101
forward pixel detector. Pixels in each chip are arranged in 52 columns with pitch 150 µm (local x-axis) by102
80 rows with pitch 100 µm (local y-axis), the same as the 3D chips to be tested. The 2x3 and 2x4 planes103
are oriented perpendicular to one another and rotated 25 degrees about their local x-axes to increase charge104
sharing and improve the tracking resolution in the local y-coordinate (Figure 4). More detailed information105
on the telescope can be found in [20].106
Figure 3: Photo of the telescope. There are three CAPTAN DAQ boards mounted on the telescope frame: one for the
downstream detectors (1), DUTs (2), and upstream detectors (3).
The 3D sensors are enclosed in a thermally isolated box with water-cooled Peltier elements for sensor107
cooling. The internal humidity and temperature of the box are monitored with a sensor mounted near the108
DUT. The box itself is mounted on top of a remotely controlled rotary stage inside the telescope enclosure.109
Temperature and angle are set remotely through a PC connection.110
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Figure 4: Geometrical layout of the telescope planes.
Data acquisition is controlled through CAPTAN, a DAQ system developed at FNAL [20]. CAPTAN111
employs a gigabit Ethernet connection which allows for remote control of the entire DAQ system from the112
test beam control room. The upstream telescope, downstream telescope, and DUTs are each attached to113
their own physical CAPTAN board. ROC voltages and settings are controlled through CAPTAN DAQ114
software.115
Sensor charge collection, efficiency, and resolution are studied by independently varying bias, threshold,116
and angle. The sensors’ optimal threshold and bias are determined immediately preceding the data taking117
process. Tracks are reconstructed for each event before determining efficiency and resolution. The telescope118
can achieve a track resolution as low as 6 µm [21].119
4. Results and analysis120
4.1. IV measurements121
Leakage current (Figures 5 and 6) is measured with a Keithley source meter before and after irradiation122
to determine breakdown voltage. All devices experience breakdown between -20V and -40V bias. This is123
typical for FBK CMS 3D sensors [22]. It is difficult to determine the exact point of breakdown for many124
of the sensors, which is likely due both to soft breakdowns around local bulk defects, and systematic error125
(such as short time between measurements). A significant increase in breakdown voltage after irradiation126
is not clearly seen. Before and after irradiation, respectively, the instrument compliance is 99 µA and 505127
µA; the results are normalized to -20 ◦C.128
There are notable discrepancies between lab and simulation results. The high leakage current and early129
breakdown in the real sensors are due to process-related defects. Fabrication-induced defects could not be130
incorporated into the simulations and are a major cause of the discrepancies between the real and simulated131
currents. These defects are now understood and have been improved in more recent batches [23].132
4.2. Noise133
Noise is determined by injection efficiency measurements, which are described in detail in [6]. The readout134
efficiency for each pixel is found using internal charge injection via the chip, and the data is fitted with an135
error function (S-curve). The width of the S-curve corresponds to the pixel noise. Noise measurements are136
taken at room temperature before irradiation, and -20 ◦C after irradiation. The results are based on single137
measurements. They are shown in Figure 7.138
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Figure 5: Laboratory IV measurements before and after irradiation.
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Figure 6: Simulated IV of irradiated sensors.
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The sensor noise is related to pixel capacitance (electrode spacing) and irradiation level, among other139
factors. After irradiation, the noise increases by 20-30% in the 1Es and around 10% in the 2E. The 4E 14140
does not experience the same noise behavior as the other sensors, though conclusions about this behavior141
are difficult to draw due to the low statistics.142
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Figure 7: Noise as a function of bias before and after irradiation.
4.3. Test beam data analysis143
Event data from the test beam are analyzed using software developed specifically for the Fermilab test144
beam. Charge is measured directly by the readout chip. Efficiency and resolution are calculated after145
iterative alignment of the telescope and DUTs. Due to limited data, pre-irradiation results are shown for146
the sensor 4E 12, while post-irradiation results are shown for the sensor 4E 14. Similarly, bias scan results147
are presented for the sensor 2E 11 before irradiation, and for the sensor 2E 9 after irradiation. All sensors148
are from the same batch.149
4.3.1. Charge collection – simulations and beam tests150
151
Charge is read out in analog by the ROC directly, which is then converted into digital units after electronic152
calibration. The distribution of electron charge collected by the sensor over a set of events is a Landau curve153
convoluted with a Gaussian due to noise spreading. The charge is taken as the most probable value (MPV)154
of the distribution because the MPV is minimally affected by noise, and is ideally a constant for ionizing155
particles of charge ±1. For a perfectly charge-efficient sensor, the charge collected is 80 electrons per µm of156
substrate thickness.157
Simulation model and domain158
159
TCAD simulations are performed to model the charge collection of irradiated sensors. The simulation160
assumes a single incident particle passing normally through a particular point on a pixel. Specifically, the161
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simulation point is located halfway between an n+ electrode and its nearest corner bias electrode. For 1E-162
type sensors, a second simulation is performed close to the readout. These coordinates are hereby referred163
to as ”center” and ”electrode,” respectively. Simulation domains and coordinates are illustrated in Figure 8.164
The simulations are carried out by solving continuity and Poisson equations simultaneously, including165
carrier drift, diffusion, generation, and recombination using Shockly-Read-Hall statistics and avalanche166
generation. A small characteristic section of the pixel cell is simulated, and then scaled to the full size of167
the device.168
A substrate thickness of 200 µm and electrode diameter of 12 µm is used. The substrate is p-type with169
a doping concentration of 7 × 1011 cm−3, corresponding to a resistivity of ∼ 20 kΩ · cm. The doping170
concentration of all electrodes is assumed to be 5 × 1019 cm−3. All parameters are representative of FBK171
technology.172
The model used to simulate the devices is the University of Perugia proton radiation damage model for173
p-type FZ silicon, with modified parameters [24], [25]. The model consists of three trap levels with two174
acceptor levels and one donor. The two acceptor levels, positioned slightly above the midpoint of the band175
gap, increase leakage current, change the effective doping concentration, and trap excess electrons from the176
conduction band. The donor level is farther away from the midpoint and serves to trap excess holes from177
the valence band.178
Figure 8: Simulation domains. In the figures on the right, green denotes bulk material, red a readout electrode, and blue a
bias electrode.
Pre-irradiation charge collection179
180
Figure 9 shows the collected charge (MPV) of sensors before irradiation. Results are extracted from181
testbeam data. Full depletion is achieved at relatively low bias in unirradiated devices, as evidenced by182
the drop-off below 10 V in the 1E sensors. In the 4E, full depletion occurs at even lower bias. The charge183
asymptotically approaches 16 ke− for the 1E 1 and 14 ke− for the 1E 2, approximately. The charge collected184
by the 4E 12 is about 12.5 ke− and is nearly constant with applied bias.185
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Post-irradiation charge collection186
187
Experimental charge values are compared to simulation data in Figures 10 and 11. The testbeam data188
reproduces the simulation results very well in the electrode region. A threshold of 6 ke− is applied in the189
analysis − any charge less than this was discarded. Such a large threshold is chosen due to the high level190
of noise in the detectors. The effect of carrier trapping is readily apparent in the 1E irradiated to 3.5E15191
neq/cm
2. At low applied voltages, charge collection is almost nonexistent at the ”center” coordinate. Very192
little charge is collected even at larger voltages. By contrast, the ”electrode” region does not see this effect,193
implying particles are only detectable in the immediate area around the readout. These effects are only seen194
in irradiated sensors, where significant charge trapping occurs. The area of the charge collection-efficient195
region can, in theory, be improved by increasing the number of readout electrodes, which serves to increase196
the electric fields within the bulk and decrease the charge carrier drift distance. Charge collection studies197
on highly irradiated 2E and 4E sensors are foreseen.198
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Figure 9: Charge (MPV) versus reverse bias voltage for unirradiated sensors.
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Figure 10: Charge (MPV) collected midway between the n+ and corner p+ electrodes, with simulations.
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Figure 11: Charge (MPV) collected near the n+ readout electrodes, with simulations.
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4.3.2. Tracking efficiency199
200
Tracks are reconstructed by the following method: hits lying within a window of one pixel area around201
the direction defined by the line going through a pair of hits on the first and last planes of the telescope are202
used to perform a linear fit in space. Events must have hits in all eight telescope planes. DUT events with203
more than one track are rejected. Efficiency is studied at normal beam incidence to the sensor plane.204
Tracking efficiency is determined on an event-by-event basis on the DUT. An event’s efficiency is equal205
to one if a hit is registered within one pixel area of a reconstructed track and zero otherwise. The total206
sensor efficiency is determined by normalizing the efficiency of all events in a given run. The efficiency is207
strongly affected by the telescope track error, charge trapping, bias, and threshold. Tracking efficiency is208
also limited by the dead area inside the electrode columns. The area filled by an electrode cannot be used209
to track particles.210
Figure 12 shows efficiency versus bias voltage. Operational bias voltages are determined from this data211
before scanning for optimum thresholds. The 1E 1 sees nearly 60% efficiency loss after irradiation to 3.5E15212
neq/cm
2. The 2E 9 gives the best performance after irradiation, achieving over 90% efficiency. Tracking213
efficiency falls after approximately -30V due to breakdown in some sensors.214
Figure 13 is a plot of tracking efficiency versus readout threshold. Threshold is displayed in arbitrary215
DAC units. Approximate electron values are calculated at peak efficiency, given in Table 1. Efficiency rises216
as the threshold decreases, until eventually the noise becomes too great for the chip to distinguish between217
real hits and noise and the sensor efficiency drops. Radiation-induced traps also degrade the signal, causing218
a drop in tracking efficiency due to a decreased signal-to-noise ratio. Efficiency loss after irradiation is219
greatest in the highly irradiated 1E 1 and smallest in the 2E 9. The relative losses due to irradiation are220
also given in Table 1.221
222
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Figure 12: Tracking efficiency versus bias.
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Sensor (fluence [neq/cm
2]) Peak efficiency Relative efficiency loss Bias [-V] Threshold [e−]
1E 1 (0) 97.8% n/a 15 4000
1E 2 (0) 97.6% n/a 15 5600
2E 9 (0) 95.4% n/a 5 6300
2E 11 (0) 97.8% n/a 15 unknown
4E 12 (0) 94.5% n/a 15 6000
1E 1 (3.5E15) 37.9% 61.2% 40 4900
1E 2 (7E14) 73.1% 25.1% 30 4300
2E 9 (7E14) 91.1% 4.5% 30 5000
4E 14 (7E14) 81.7% n/a 30 6200
Table 1: Maximum tracking efficiency before and after irradiation. Threshold conversion is not available for the 2E 11.
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Figure 13: Tracking efficiency versus threshold.
4.3.3. Position resolution223
224
Track residuals - the distance between the predicted and measured positions of a cluster - are calculated225
along the short-pitch direction. The residuals are fitted with a Gaussian; the overall sensor resolution is226
determined from the sigma of the fit (Figure 14). The error from the telescope is subtracted during the227
analysis. For single-hit clusters the residual is the width of the pixel. Better resolution is obtained when228
charge is shared between pixels. In this case, residuals are taken only for 2-pixel clusters. In the CMS barrel,229
charge sharing is achieved through a combination of detector tilt and a 4 T magnetic field. The test beam230
DUTs are tilted to various angles to emulate these effects.231
Residuals for irradiated sensors can be improved through studies of charge versus x/y cluster position232
(charge asymmetry) averaged over each pixel. This is done on the first DUT alignment. Residuals are im-233
proved by reiterating the alignment procedure and using the measured charge to determine cluster positions234
12
directly from the asymmetry plot. This will be implemented in future 3D studies.235
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Figure 14: Irradiated sensor residuals for size two clusters, with Gaussian fit. Top left: 1E 2 (17.8 µm); top right: 2E 9 (12.56
µm); bottom left: 1E 1 (18.29 µm); bottom right: 4E 14 (20.79 µm). Note that the 1E 1 data provided low statistics.
5. Summary and Conclusions236
3D tracking detectors are a promising radiation-hard candidate to replace planar detectors in the HL-237
LHC where the innermost barrel sensors must withstand a fluence of approximately 1016 neq/cm
2. Electrical238
and beam tests were performed for FBK ATLAS08 3D detectors before and after irradiation. The detectors239
were bump-bonded at SELEX, Italy, and assembled and wired at the P3MD lab at Purdue University. Three240
of the detectors were irradiated to 7E14 neq/cm
2, and one to 3.5E15 neq/cm
2. Radiation damage effects241
are demonstrated with regards to charge collection, efficiency, and resolution of the particle tracks in beam242
tests, as well as leakage current and pixel noise. After irradiation, the 2E showed the least degradation243
of charge and efficiency. Lab and test beam studies are ongoing for more recent batches from FBK, with244
improved fabrication processes.245
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